O BESITY in old age has been inconsistently associated with mortality (1) (2) (3) , and the clinical utility of body mass index (BMI) as a measure of obesity is controversial (4) . Adipose tissue area and particularly visceral adipose tissue (VAT) has been associated with mortality (5, 6) although not always independently of BMI (6) . Studies using computed tomography (CT) have shown that the amount of adipose in abnormal or ectopic locations, such as surrounding visceral organs and within muscle, has adverse consequences on health (7, 8) . Thus, adipose tissue distribution and characteristics may be important for assessing mortality risk.
CT imaging allows for measuring tissue radiographic density, a reflection of the physical and biochemical composition of tissue. Lower CT density is associated with greater fatty infiltration of tissue because adipose has a lower density than other tissues on CT. For example, lower CT density of liver is an index of fat accumulation in the liver, which is associated with insulin resistance and diabetes (9, 10) . Lower CT density of skeletal muscle is indicative of fatty infiltration of muscle and is associated with increased risk of fracture (11) and mobility limitation in old age (8) .
Little is known regarding radiographic characteristics of adipose tissue and health states independent of adipose volume. The purpose of this study was to evaluate associations between VAT and subcutaneous adipose tissue (SAT) density and mortality risk in two large epidemiologic cohorts with imaging and outcome data, and to explore mechanisms relevant to adipose tissue density including circulating biomarkers. In order to better understand the potential molecular and cellular basis underlying relationships between adipose tissue density and phenotypes, we directly evaluated VAT and SAT samples from a cohort of nonhuman primates (NHPs) with CT imaging data. We hypothesized that lower adipose tissue density would be associated with increased adipose tissue inflammation, thereby providing a mechanistic link which might lead to increased mortality risk.
Methods

Populations
We utilized data from two independent cohort studies: the Health, Aging, and Body Composition (Health ABC) study and the Age, Gene and/or Environment SusceptibilityReykjavik (AGES-Reykjavik) study. A sample of middleaged NHPs was used to explore relationships between adipose tissue density, phenotypes, and mortality.
Health ABC is a prospective longitudinal study of 3,075 community-dwelling initially well-functioning men and women all 70-79 years recruited from a random sample of white Medicare beneficiaries and all black Medicareeligible residents in Memphis, Tennessee, and Pittsburgh, Pennsylvania. AGES-Reykjavik is a single center population study of 5,764 Icelandic men and women aged 66-96 years. AGES-Reykjavik is a random sample of participants in the Reykjavik study, a cardiovascular cohort begun in 1967 to study heart disease. Both studies required written informed consent and institutional review board approval. Recruitment and study design of Health ABC and AGES-Reykjavik have been published (8, 12) .
Adipose imaging characteristics, biomarkers, and adipose phenotypes were assessed in 24 female cynomolgus monkeys (Macaca fascicularis, mean age 15 years, range 10-20 years) from Indonesia (Institut Pertanian Bogor, Bogor). Animals consumed an atherogenic diet (42.4% of calories as fat) for 53 months (13) (14) (15) . All procedures involving NHPs were conducted in compliance with institutional, state, and federal law for the use of NHPs in laboratory settings.
Measures
Health ABC.-We used body composition, clinical, and subclinical disease at baseline (April 1997-June 1998). Percent weight change from midlife to baseline was calculated from recalled weight at age 50. CT imaging at the L4/ L5 vertebrae was performed with a Somatom Plus 4 scanner (Siemens, Erlangen, Germany), PQ 200S (Marconi Medical Systems, Cleveland, OH) at the Memphis clinic, and a 9800 Advantage (General Electric, Milwaukee, WI) at the Pittsburgh clinic. Total body adipose was determined from dual-energy x-ray absorptiometry (DXA; Hologic QDR4500A, Waltham, NY). Mortality (representing 14 years of follow-up) was determined from death certificates, hospital records, and interview with next of kin through August 10, 2011. Causes of death were adjudicated by a central committee through March 1, 2011.
AGES-Reykjavik.-Percent weight change from midlife was calculated from midlife measured weight in the Reykjavik study. CT imaging at the L4/L5 vertebrae was measured using a 4 detector system (Sensation; Siemens Medical Systems). Mortality (representing 4-9 years of follow-up) was ascertained from the Icelandic National Roster (http://www.statice.is/Statistics/Population/Births-and-death), an adjudicated registry of deaths through May 31, 2011. Cause of death was ascertained from National Health System Records and was available through December 31, 2009.
Nonhuman primates.-BMI was calculated as body weight (kilogram)/trunk length (square meter) (16) . Wholebody CT scans were obtained prior to necropsy. Abdominal VAT and SAT area were determined between L4/L5 contiguous DICOM images. Fasting serum for biomarker analyses and VAT and SAT samples sectioned from abdominal adipose were collected at necropsy.
The Supplementary Material provides additional details of CT image analysis and other methods. Briefly, the mean attenuation (Hounsfield Units, HU) of adipose tissue within VAT and SAT were recorded with adipose tissue thresholds set at −190 to −30 HU using specialized software packages.
Mediator analysis.-Details of mediator analyses are provided in Supplementary Material. In Health ABC and AGES-Reykjavik, blood samples were collected following an overnight fast. C-reactive protein (CRP), IL-6, leptin, and adiponectin were measured in Health ABC. Participants missing CRP (N = 29), IL-6 (N = 142), leptin (N = 41), or adiponectin (N = 24) were excluded from analysis of mediators. CRP was measured in AGES-Reykjavik. CRP was missing in two participants who were excluded from analysis of mediators. In NHPs, mediators including leptin and adiponectin were measured in serum and VAT and SAT. Gene expression of leptin, adiponectin, IL-6, TNF-α, MCP-1, CD68, CD3, CD4, and T-helper cells were assessed, and adipose cell size was determined.
Statistical Analysis
Covariates.-Sociodemographic variables included age and education (<high school, high school graduate, or postsecondary), race, and study site within Health ABC. Lifestyle factors included smoking history, alcohol consumption, and physical activity. Smoking was defined as more than 100 cigarettes in a lifetime and characterized as never, former, or current. Alcohol consumption was defined as current, former, or never in Health ABC and as current versus none in AGES-Reykjavik. Physical activity was assessed as activity 7 days prior to baseline in Health ABC (17) and as frequency of moderate to vigorous activity 1 year prior to baseline in AGES-Reykjavik. Overnight hospitalization in the 5 years prior to baseline was determined from self-report and hospital records. Medical conditions (diabetes, hypertension, cancer, congestive heart failure, coronary heart disease, stroke, myocardial infarction, peripheral arterial disease, and osteoporosis) were determined from selfreport, medications, and clinical assessments.
Participants with missing CT data (N = 675) or covariables (N = 298) were excluded leaving 2,735 participants from Health ABC and 5,131 from AGES-Reykjavik. Excluded participants in Health ABC were more likely to be older, female, report never consuming alcohol (p < .05), black, have higher BMI, and lower education (p < .001) and, in AGES-Reykjavik, have higher prevalence of hospitalization and less weight gain from midlife (p < .001).
Sex, race, adipose depot, and study site-specific quintiles of adipose tissue density were created as the distribution of adipose tissue density varied within these strata. Analyses are presented by adipose depot, study, and sex. Cox proportional hazards models were used to examine associations between VAT and SAT density and mortality with density as continuous variables and in quintiles; top quintiles were compared with the lowest quintile. p Values for trends are reported.
Proportional hazards assumption was met for each covariate. Model 1 was adjusted for age, education, race, and study site, then for sagittal diameter, BMI, and adipose tissue area (Model 2). Model 3 was adjusted for smoking, alcohol consumption, physical activity, and comorbidities. Model 4 was adjusted for weight change from midlife and prior hospitalization. Participants in AGES-Reykjavik did not have DXA images, thus BMI was used as a covariate for adiposity in models. Sensitivity analysis was performed in Health ABC using total body fat from DXA. Generalized linear models adjusted for BMI and adipose area were used to examine associations between adipose density quintiles and adipocytokines with least-squares means and p value for trend reported. Statistical analyses were performed with SPSS version 19.0.
All NHPs were female, so there was no need for stratification. Pearson r correlations were used to examine the relationships between adipose tissue density, molecular, and cellular characteristics and other phenotypes. Partial correlations included correction for the contribution of overall adiposity using BMI as a covariate.
Results
There were 1,337 deaths in Health ABC and 1,207 deaths in AGES-Reykjavik. Cause of death was available for 1,192 participants in Health ABC and 898 participants in AGESReykjavik. The main underlying causes of death were cancer (28.7% Health ABC, 31.1% AGES-Reykjavik) and cardiovascular disease (26.6% Health ABC, 43.0% AGESReykjavik). Baseline characteristics of participants in Health ABC and AGES-Reykjavik according to quintiles of VAT density are shown in Table 1 and Supplementary Table 1. VAT density was positively associated with older age and higher education (except for men in Health ABC). Participants with denser adipose tissue were likely to report never smoking or current smoking, lower BMI, weight loss from midlife, and, in AGES-Reykjavik, more comorbidities. Adipose tissue density was inversely correlated with tissue area in men and women in both studies (Supplementary Table 2) . Table 2 shows associations between quintiles of VAT, SAT density and mortality in Health ABC. Increasing density was associated with mortality in Model 1 with the exception of VAT density in men. Adjustment for BMI and adipose area (Model 2) increased the risk of mortality; in women, hazard ratio (95% CI): VAT Q4 1.56 (1.14-2.14) and Q5 2.00 (1.40-2.86) and SAT Q5 1.76 (1.35-2.28); in men, VAT Q5 1.51 (1.11-2.06) and SAT Q4 1.37 (1.08-1.73) and Q5 1.56 (1.22-2.00). Adjustment for hospitalization and weight change from midlife (Model 4) attenuated the trend for VAT density in men (p = .09), but Q5 remained significantly associated with mortality, 1.41 (1.03-1.92). Analysis of VAT and SAT density as continuous variables (Model 4) showed similar results: increased risk of mortality in women and men with the densest adipose. Adjustment for VAT and SAT area in quintiles (category boundaries reported in Supplementary Table 3 ) rather than as continuous variables produced similar results. Adjustment for total body fat from DXA (N = 2,726) instead of BMI did not alter associations. Excluding deaths within 2 years of baseline to control for preexisting conditions did not alter associations. Table 3 shows associations between quintiles of VAT and SAT density and mortality in AGES-Reykjavik. Adjustment for adiposity in Model 2 increased the risk of mortality with higher VAT and SAT density in women, hazard ratio (95% CI): VAT Q5 1.88 (1.31-2.69) and SAT Q5 1.56 (1.15-2.11); in men, SAT Q4 1.43 (1.07-1.91) and Q5 1.70 (1.24-2.35). Adjustment for hospitalization and weight change from midlife (Model 4) attenuated the association between density and mortality, and only VAT density in women remained significant. VAT density as a continuous variable showed increased risk of mortality (Model 4) in women, 1.03 (1.02-1.05), but not in men, 1.00 (0.99-1.02). SAT density as a continuous variable also showed increased risk of mortality in women only (Model 4), 1.03 (1.01-1.04) and 1.01 (1.00-1.03). Results were similar with adjustment for adipose tissue area in quintiles rather than as continuous variables. Associations between quintiles of VAT and SAT area with mortality in these cohorts were modest. Models were adjusted for Model 4 covariables as in Tables 2 and 3 . In Health ABC, VAT and SAT area were significantly associated with mortality risk in men (p = .05, p = .01) and in women, only SAT area was associated with mortality (p = .004). Adjustment for adipose tissue density attenuated the relationship with SAT area in men (p = .35) and women (p = .14). In AGES-Reykjavik, VAT and SAT area were not associated with mortality risk in men (p = .45, p = .75); however, VAT and SAT area were associated with mortality risk in women (p < .001, p < .001). Associations were similar with the addition of VAT density to the model (p < .001) and were reduced but remained significant with the addition of SAT density (p = .03).
Serum adipocytokines within quintiles of VAT and SAT density in Health ABC and AGES-Reykjavik are shown in Table 4 . CRP was the only mediator measured in the AGESReykjavik study. In Health ABC, denser VAT was associated with lower leptin and higher adiponectin levels. With additional adjustment for total body fat, associations with VAT and adiponectin remained and associations with leptin tended toward significance (women: p = .07, men: p = .09). Denser SAT density was associated with higher adiponectin but was not associated with leptin. Except for an inverse association of CRP with VAT density in men in Health ABC, CRP and IL-6 were not associated with adipose density. Adjustment for adiponectin in Model 4 (Table 2) attenuated the association between VAT density and mortality in men but not in women, there was no effect of leptin in the model. Adjustment for adiponectin and leptin did not attenuate associations between SAT density and mortality.
In NHPs, denser VAT and SAT were both associated with smaller adipocytes (r = −.76, p < .001, Figure 1 and r = −.59, p = .003, respectively). IL-6, CRP, and MCP-1 Notes: Least-square means adjusted for body mass index and area of respective fat depot. AGES-Reykjavik = Age, Gene/Environment Susceptibility-Reykjavik; CRP = C-reactive protein; Health ABC = Health, Aging, and Body Composition; NHPs = nonhuman primates; SAT = subcutaneous adipose tissue; VAT = visceral adipose tissue.
were not associated with adipose tissue density (Table 5) . Lower serum and mRNA expression of leptin were associated with denser VAT and SAT. Denser VAT, but not denser SAT, was associated with higher serum adiponectin.
Discussion
To our knowledge, this is the first study to examine adipose tissue density in relation to health correlates and outcomes. Our findings show increased risk of death in men and women with the highest VAT and SAT density even after controlling for BMI, fat mass, VAT and SAT area. This relationship appears to be influenced by illness as weight change from midlife and prior hospitalizations attenuated the effect of adipose tissue density on mortality. In humans and NHPs, denser adipose was associated with higher adiponectin and lower leptin. Adipose tissue density was not consistently associated with circulating inflammation markers in humans, or with adipose expression of inflammation markers (IL-6, TNF-α, MCP-1) or inflammatory cells (macrophages, T cells) in NHPs.
We originally hypothesized that more lipid-filled adipose tissue associated with inflammation would increase risk of death, but our results did not support this. In the human populations, denser VAT and SAT were associated with mortality but were not associated with circulating markers of inflammation consistent with systemic inflammation. Similarly, in NHPs, there was no evidence for associations between serum or inflammatory cell markers and adipose density. Instead, there were robust associations between adipose tissue density, leptin, and adiponectin.
The association between less dense adipose tissue and higher leptin likely reflects the positive correlation between leptin and body fat (18) as adjustment for total body fat attenuated associations in Health ABC. Associations may also be related to weight change as leptin levels decrease following weight loss (19) and in our study, participants with denser adipose tissue and the lowest leptin levels had experienced weight loss from midlife. Despite the association of high serum adiponectin with a favorable cardiovascular risk profile, there is a growing body of evidence including a study in Health ABC (20) that suggests high adiponectin is predictive of mortality from all causes and from cardiovascular disease (21) (22) (23) . This paradoxical relationship may result from functional adiponectin resistance: increased adiponectin expression in tissue but downregulation of adiponectin receptors (24) . The notion of adiponectin resistance is supported by the mortality relationships in our study although the mechanistic underpinnings of adiponectin and adipose tissue density are not clear.
Observations from feeding studies and disease-associated wasting may help explain the basis of adipose tissue density. Overfeeding studies have shown that weight gain is accompanied by increased collagen (25) and connective tissue deposition (26) in adipose as well as increased adipocyte lipid and adipocyte cell size. This is in line with the data from NHPs showing larger adipocyte size with lower density adipose tissue and data from the human populations showing lower density adipose tissue in participants with heavy body weights. Studies in cancer-associated wasting, which has overlapping features with age-related body composition changes (27) , report that weight loss is associated with adipose tissue remodeling including shrunken adipocytes, increased fibrosis (28), decreased fat cell volume, and altered gene expression related to cell and tissue structure (29) . In our analysis, weight loss from midlife and prior hospitalization when weight loss is likely were associated with denser adipose tissue, suggesting that although adipose tissue fat content decreased, accumulated connective tissue remained. Together, this suggests that adipose tissue characteristics reflect deteriorating health in old age and serve as a marker of former obesity.
In our analysis, the greatest mortality risk was for the group with average BMI in the normal range. In old age, the mortality risk associated with BMI categories is confounded by several factors including fat redistribution and weight history (4). We suggest that adipose tissue characteristics may also be a confounder because our results show higher mortality risk for denser adipose tissue despite normal BMI, smaller adipocyte size, and a seemingly improved metabolic profile compared with individuals with less dense adipose. Thus, knowledge of adipose tissue characteristics may help disentangle the relationship between adiposity and mortality in older adults.
A strength of this study is the replication of the relationship between adipose tissue density and mortality in diverse populations of older people. The Health ABC and AGESReykjavik participants have different ethnic backgrounds, different age ranges (66-96 years in AGES-Reykjavik and 70-79 years in Health ABC), and Health ABC participants were selected to be initially well functioning, whereas there was no similar criterion in AGES-Reykjavik. There are also limitations of this study. These results need to be examined in younger populations to assess generalizability. Adipose tissue density was estimated from CT scans, and although we have biopsies from NHPs, no adipose tissue was available from the human populations.
The data presented here provide a first analysis of the predictive value of adipose tissue density on survival in older adults even when the adipose depot itself is not associated with risk of death. The association between weight loss and adipose density may help to explain the association between weight cycling and mortality but whether adipose tissue density increases in both voluntary and involuntary weight loss is unclear. Although these Notes: CRP = C-reactive protein; NHPs = nonhuman primates; SAT = subcutaneous adipose tissue; VAT = visceral adipose tissue.
questions remain, the consistency of the results across studies suggests the need for further evaluation of CTbased adipose tissue density that may have an impact on estimation of obesity risk.
